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Abstract
Ion Beam Synthesis of SiGe Alloy Layers
by
Seongil Im
Doctor of Philosophy in
Engineering-Matcrials Sciencc and Mineral Engineering
University‘ of California at Berkeley

Professor Ronald Gronsky, Chair

A systematic study of the processing procedures required for minimizing structural
defects generated during the ion beam synthesis (IBS) of SiGe alloy layers has been
performed. The synthesis of 200 nm thick SiGe alloy layers by implantation of Ge ions

with an incident energy of 120 keV into <100> oriented Si wafers yielded various Ge

peak concentrations after the following doses, 2x10'°cm™2, 3x10'%m 2, and 5x10'%cm™.

Following implantation, SPE annealing in a nitrogen ambient at 800°C for 1 hour resulted

in only slight redistribution of the implanted Ge. Two kinds of extended defects were

obsgrved in alloy layers synthesized at doses ovér 3x10'%m? at room temperature: end-
o_f-rangc (EOR) dislocation loops and strain-induced stacking faults. The density of EOR
dislocation loof)s was much lower in those alloys produced by liquid nitrogen temperature
(LNT) implantation than by room wmperature (RT) implantation. Decreasing the
implantation dose to obtain 5 at% peak Ge concentration prevents strain relaxation,

while those SPE layers with more than 7 at% Ge peak show high densities of misfit-



induced stacking faults. Sequential implantation of C folloﬁng high dose (5x1016/cm2)
Ge implantation (12 at% Ge peak concentration in the layer) brought about a remarkable
decrease in density of misfit-induced defects (stacking faults). When the nominal peak
concentration of implanted C was greater than 0.55 at%, stacking fault generation in the
epitaxial layer was considerably suppressed. ~ This effect is attributed to strain
compensation by C atoms in the SiGe lattice. A SiGe alloy layer with 0.9 at% C peak
concentration under a 12 at% Ge peak exhibited the best microstructure. The
experimental results, combined with a simple model calculation, indicate that the optimum
Ge/C ratio for strain compensation is between 11 and 22. The interface between the
amorphous and regrown phases (a/c interface) showed a dramatic morphology change
duﬁng its migration to the surface. The initial <100> planar iqterface decomposes into a
<111> faceted interface, changing the growth kinetics. These phenomena are associated

with strain relaxation by stacking fault formation on (111) planes in the a/c interface.
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1. Imntroduction -

1.1 IonBeam Synthesis(IBS) and previous work
Ton implantation is an established technique for precise dopant control in the
integrated circuit (IC) processing.l'5 The technique has focused on supplying carriers to
electrically ldcﬁnecll 1aycrs using low dose implantation. However, high-dose implantation‘
rhay also be useful in IC ﬁrocessing. Ion beam synthesis (IBS) ‘is a subsurface film
synthesis technique where high dose implantation is used to change the material's
chemistry. ® IBS consists of two steps: amorphization by.high dose implantation and
solid phase epitaxial (SPE) annealing. This subsurface modification technique has been
employed for making compound layers such as CoSi,, FeSi,, and buried layers of oxide,
known as SIMOX (Separated by IMplanted Oxygen)*". In recent years, this technique
has lead to the formation of SiGe alloy layers, which are not compounds but layers of
~ soluble constituents. **** Paine et al'*"” performed a systematic study to estimate critical
thicknesses of strained SiGe alloy layers formed by IBS. Taking account of ion beam
energy and implaﬁtcd doses, they assumed that Ge distribution after ion implantation was
Gaussian-like for mode]]ipg of the critical thickness. The strain relaxaﬁon of fhe film was
studied and the observed strain-irkiuced defects were mostly stacking faults. However,
their equilibrium condition for criticaﬂ thickness does not explain whyv stacking 'faults are
dominant in the resulting layers. Kinetic limitations on misfit dislocation generation were

not clearly considered in their work, and strain measurements were not made. Even so,



théy observed interesting properties of misfit dislocations in the solid phase epitaxial

SiGe/Si and SiGe/Ge systems.

1.2 Motivation for Ion Béam Synthesis of SiGe alloy layers

There are several motivations for the present work. First, IBS can be a possible
caﬁdidate among thm film growth_ techniques to grow SiGe layers which are used as the
base materials for heterojunction bipolar transistors (HBT). Heterojunction bipolar
transistors are expected to have outstanding transistor properties since SiGe has a
narrower band gap than Si. Even though IBS layers have a Gaussian distribution of Ge
atoms (not/ a uniform distribution), the properties of SiGe HBTs made by IBS are still
promising. They have shown a higher injection of minority carriers and higher emitter
efficiency than Si homojunction bipolar transistors. **°  Second, unlike other thin film
growing techniqueg, IBS can be used with a two-dimensional mask to plant thin layers in
sglected device areas. In contrast, molecular beam epitaxy (MBE) or other vapor phase
epitaxy can not match the lateral resolution of two dimensional patterning available with
the ion beam method. Much work has been done to make the most of this advantage. 2122
In those studies, PN diodes, instead of HBTS, héve been fabricated by using IBS. Diodes
made with p-type SiGe layer and n-type Si were compared to Si homojunction PN diodes.
The SiGe diodes were found to have much higher leakage current by more than 10 times
under reverse bias. This high leakage current under reverse bias rendered -the device

inadequate for the real applications of heterojunctions. The leakage must be caused by

lattice defects in the SiGe alloy layers formed by IBS because deep-level impurities tend to



gather around extended lattice defects such as dislocations which have strohg strain fields |
and charges in their cores. Thesca defects may act as recombination or generation centers
during device opefau'on. 24 In addition to the problem of the leakage current, the
pipe-diffusion of dopants albng dislocation cores can lead to critical failure in devices if
emitter dopants diffuse through the line to the base or collector regioﬁs’ in bipolar
transistors. > Only when those defects are clearly identified and understood in aspects of

their origins, those failures may be avoided.

1.3 Objectives of the present work

The main objectives of this work are to solve the device problems introduced by
usual ion béam synthesis; The problems are caused by both implantation defects and
strain-induced defécts. ‘Those two kinds of defects are sﬁatia]ly separated in two different
regions of a layer, and will be suﬁpres‘sed if the implantation and strain-induced defects are
eliminated. To m1mm1ze th;c'dcnsity of the defects, the formation mechanism of each
defect has to be clearly understood. The goals of the present work are therefore to
understand the formation of thc defects and to minimize them by optimizing thc IBS

-processing conditions.



2. Background

2.1 Amorphization of Si subsurface
2.1.1 Collision cascade

An ‘energetic ion is subj-ect to two major mechanisms of energy loss during
~ penetration into a solid: screened coulombic collisions with target atoms and interactions
with boﬁnd or free electrons (excitation of electrons). '* The former is called nuclear
- stopping and the latter called electronic stopping. Lindhard, Scharff and Schiott have

developed a universal relationship, the LSS theory for nuclear stopping, (de/dp),, and
electronic stopping, (de/dp),, in terms of a dimensionless length, p, and a dimensionless

energy, €. Both parameters, p and €, include a mass dependence on the masses of both.

target atom and incident ion ). 2021 The relationship is shown in plots of (de/dvp) vs. 12
in fig. 1. Thc ion implaritdtion.rc.gime and ion beam analysis regime can be approximately
defined achfding to projectile ion mass and energy as shown in fig. 1. The ion beam
énalysis regime will be explained in detaﬂ in the discussion of Rutherford backscattering

spectroni.etry (RBS) in Chapte; 3.

The Si lattice is damaged to a depth related to the implantation energy during the
energy 1oss process in ion implantation bccause the energy loss mainly results from nucleé.r
stopping of penetrating iohs rather than electronic 4Stopping in this regime. Incident ions in
the implantation regime of the LSS plot (fig. 1) make a series of collisions with lattice
atoms. In most of these collision events, sufficient energy and momentum are transferred

to displace or recoil the target atom from its lattice site. This displaced atom may displace



other atoms in turn, until a cascade of atomic collisions with vacancies and interstitials are
created. Cascades usually overlap during long implantation processes and eventually
change a crystalline subsurface into an amorphous phase as shown in fig. 2. This is a‘
general description of amorphous layer formation by overlap of the damage clusters or
cascades. If the amorphization is considered in terms of the number of displaced atoms in
the collisions, Kinghin—Pcase relationship may be introduced to explain the process of

amorphization:

Nd =E/2Ed (1)

where Ny is the number of target atoms displaced by a primary recoil, E is the energy of
the incident ion and E4 is the displacement energy which is 15eV ~ 50eV. ! If the
electronic stopping is negligible and only a primary collision of the implanted ion with a
target atom is allowed, the critical dose for amofphization is approximately worked out

from the Kinchin-Pease equation:

Critical dose = 2E;D(Ny)/(dE/dx), )

, where D(N,) is the density of displaced atoms required for amorphization, approximated

by the atomic density of target assuming that the criterion for amorphization is complete

displacement or disorder of crystalline target atoms, and (dE/dx),, is the energy deposited



by one ion per unit distance in a nuclear collision. However, in actuality, this equation

overestimates the amount of disorder by taking a higher density of displaced atoms, D(Ny)

than the actual density for amorphization. In spite of that overestimation, however, the
critical dose is always underestimated because dynamical annealing effects that result in a

higher E usually intervene. ***°

2.1.2 Effecté of implantéﬁon femperature and dose rate

During imi)lantation, some of ion beam energy is converted into thermal energy
heating the target wafer. This thermal energy from beam heating will increase the wafer
temperaturé. The dynamical aﬁnca’ling causes a recombination of vacancies and recoiled
interstitials by thermal diffusion in an implantation tcmperaturé which is obtained by the
beam heating effects added to an original wafer temperature. Amorphization or lattice
damage may be prevented by this annealing effect if the recombination is very active with

an enough thermal energy. 2% Therefore, implantation temperature of wafer can be an

‘important factor in controlling the critical dose. Displacement energy, E,; is then a

function of implantation temperatﬁre, increasing with temperature. If the implantation is
performed at high temperature, the amorphization will be very hard to achieve, even with
a very high d‘ose of ions. In other w“ords, the critical dose will be very high. If the
implantation is done at a very low temperature by using a heat smk, amorphization may be
enhanced w1th little dynamical annealing effect. | Since this dynafnical annealing
accompanies diffusion phenomené of vacancies or interstitials and the diffusion distance

depends on time and temperature, ion beam current density or dose rate in implantation



should affect the total damage. With an increase in dose rate, the critical dose decreases in
most cases. It is comprehensible that the amorphous layer thickness formed over the
critical dose of ions increases with dose rate but decreases with the implantation

temperature.

2.1.3 Effects of ion mass

A schematic diagram in fig. 3 shows the difference in a cascade throdgh an ion track
when a light ion and a heavy ion are implanted in the same crystalline target. With the
same amount of kinetic energy, light ions penetrate deeper than heavy ions which have
more lateral dis_tribution of both ions and damages as shown in fig. 3. Although the light
ion will lose some portion of its energy by nuclear stopping in the ion implantation regime
of the LSS relationship, the heavy ion wﬂl lose more energy by nuclear stopping through
the target material. Therefore, more lattice damage will be created by implanting heavy
ions and the critical dose of ions for amorphizaﬁon.will be lower. Since amorphization is.
more effective when using heavy ions, even local amorphization during cascade
overlapping may be possible with heavy ions. Light ion implantation does hardly show
local amorphization. In light ion implantation, the accumulation of point defects or clusters
in a critical value lead a crystal structure to a sudden amoréhous state during casacade
overlapping. ¥ According to the phase transformation mechanism discussed in previous
studies, it is likely that the nucleation of amorphous phase is gradually and

heterogeneously proceeded by increasing number of local amorphous regions in the case



of heav& ion implantation while the nucleation 1s abrupt and homogcneoﬁs in light ion
implantatioh. *’ The latter is very similar to a first order transformation while the former
is to a second order transformation. The plot in fig. 4 shows the effects of temperature
and ion mass on the critical dose. 27 As mentioned above, light ions have a higher

critical dose than heavy ions for amorphization and the critical dose increases with the

implantation temperature.

214 Concépt of the threshold damage density (TDD)

The energy deposition in a unit of eV/Afion, (dE/dx),, has a Gaussian-like depth
profile that can be simulatcd by a program, TRIM, which is a Monte-Carlo simulationvfor
projected ion range and energy deposition per ioﬁ in implantation. ®  In fig. 5, TR]M
profiles of energy deposition by a heav& ion (Ge*) and a light ion (O+) are compared. With
tﬁe same energy (120keV.) of implanﬁition, they are quite different from each other. Much
higher energy can>be deposited by the nuclear stopping of the heavy ion as noted in the |
scale of energy deﬁosition while light ion damagé shows a 1ongcr track than heavy ion
damage. The total energy deposition, the damage density (DD) can be found as the

product of energy deposition and the total dose, ie., (dE/dx),*total dose = DD, with a

unit of eV/cm>. If the critical doses are known, the critical energy deposition can be

calculated simply as (dE/dx),*critical dose. This amount is called the threshold damage

density (TDD). From equation Q), the following relationship is also established,

TDD= Critical dose*(dE/dx), = 2E;D(N,) ' 3)



where TDD is a function of temperature, ion mass, ion energy, and dose rate if the target
material is fixed. As expected, early research showed that the TDDs for As, P, and B

implantation are different in value (2.5x1020keV/cm3, 1.0x1021ch/cm3, and

3132 Schematic plots in fig. 6 show the damage density

: _.5.0)(1021keV/cm3 respectively).
(DD) profiles and the threshold damage deﬁsity (TDD) for Ge and O ions under the same
implantation conditions. Amorphized thickness is defined at the depth locations where
TDD and DD lines cross. >>  Therefore, a higher dose will make a thicker amorphous
.layer during implantation. Moreover, a burie& amorphous layer can be formed by
implanting light ions at an elevated temperature as shown in the same figure. The

Separation by IMplanted OXygen(SIMOX) technique has been used previously to form a

buried layer of by using this phenomenon.

2.1.5 Formation of end of range (EOR) defects
For many years, it has been well known that ion implantation introduces many kinds

33-36,40-41

.of extended lattice defects. Generally speaking, Frenkel pairs are created during
ion implantation and the concentration of these pairs of self-interstitials and vacancies
determines the density of extended lattice defects. >  Particular among those defects are
end-of-range (EOR) defects which are formed only after amorphization. >  End of range
(EOR) defects always develop near the initial interface between the amorphous layer and
the crystalline substrate (a/c interface). EOR defects have previously been described in
33,37,38

terms of TDD or distribution of recoiled self-interstitials beyond the a/c interface.

In the present work, a similar theory is followed, using schematic concentration profiles of



interstitialS and vacancies as shown in fig. 7 (a).. The most probable location of vacancies
created by the incident ion is apart from that of recoiled interstitials and the probable
locations are also depéndent on the energy loss (energy deposition) curve. ’Ihp effective
distance ‘(pcak-to-peak) between vacancy and interstitial distributions is strongly
depcndént on ion mass and energy. ?’ For light ions with small energy, the peaks are not
sufficiently separated, so that the vacancies will easily recombine with the interstitials.
Further, amorphization or extreme lattice disorder is not easily achieved with this
condiﬁon as mentioned in 2.1.3. The proj;cted range of implanted ions is expected to be
located between the vacancies ‘and the interstitials in the depth profile. This has been
confirmed previously. *  After the amorphous layers form, the point defect profiles are
as expécted (fig. 7 (b)). The interstitial density is higher than vacancies in the region just
~ beyond the a/c interface. If they are mobile at some temperature, interstitials may
recombine with vacancies near them. Even after the recombination, a high density of
interstitials may remain at this location e\de they may fdrm clusters or extended defects
such as extrinsic stacking faults when the rémaining interstitials are supersaturated endugh

to cluster. This is the origin of EOR defects.

Frcezing the mobile interstitials and vacancies by using a low substrate temperature
duﬁng implantation results in both thicker amorphous layefs and smaller densities of extra
interstitials which rcsulfs in a lower density of VEOR defeéts than cases implanted at high

“temperatures. This is easily recognized in fig. 7(b). Therefore, this freezing or low

temperature processing will be an effective method for minimizing EOR defects. This

10



explanation also makes sense considering the TDD concept where the amorphous
thickness was defined by the cross over point between the TDD line and DD curve. Since

the displacement energy, E4, and TDD both become smaller in the case of low

temperature implantation, the amorphous layer will increase and a smaller amount of
interstitials beyond a/c interface will be produced. The schematic picture in fig. 7(c)
illustrates the EOR loops grown during solid phase epitaxial (SPE) annéaling of an
amorphous layer. End of range (EOR) dislocation loop density is higher after room
temperature implantation than after low temperature implantation. Low temperature

implantation, then, is preferable for growing device-quality films. 35.36

2.2 Solid phase epitaxy(SPE)-
2.2.1 General characteristics

The defining characteristic of SPE is that the epitaxial growth or the phase
transformation occurs in the solid state. Solid phase epitaxiall (SPE) growth can be
classified into two kinds: SPE with medium and SPE without medium. ’ Both kinds
involve a transformation from a metastable phase to a stable phasevwith the lowest free
energy, aﬁd both usually have an amorphous phase as the initial unstable state. The most
stable state is defined by the equilibrium phase diagram. Figure 8 shows the equilibrium
phase diagram of the Si-Ge system in which both elements are totally soluble in each other
over the entire composition ralllge. “  SiGe alloy layer formation in IBS belongs to SPE

without medium and the unstable amorphous structure regrows by duplicating the surface

11 ' /



structure of substrate and migrates into the stable crystalline phase at about a half of its

melting temperature.

2.2.2 SPE with medium

Solid phase epitaxial regrowth proceeds by long-range diffusion and interfacial |
reaction. The best example of SPE with medium may be the case of ¢-Si/Pd,Si/o-Si where
c-Si is a (001) Si substrate and «-Si is an amorphous Si layer. Pd,Si is a transport medium
for the crystallization of -Si film on deSi lziyer as shown in fig. 9(a). In the regrowth
process, not oniy the Si atéms at the_oc-Si/ ’szsi interface migrate into the c-Si/szsi
intcrfa;:e for epitaxial growth, but also Pd,Si at the interface with ¢-Si decomposes into Pd
and Si. The Si after decomposition grows vcpitaxially at the interface between c-Si and
Pd,Si while Pd diffuses across the Pd,Si layer to o-Si interface, so that a new layer of
Pd,Si can form at the other interface(Pdﬁi/oc-Si). In other words, the Pd,Si layer moves

up to the surface until the amorphous Si layer is consumed by means of interacial reaction

and long-range diffusion of Pd. ’

2.2.3 SPE without medmm |

| A subsurféce amorphizéd layer can be obtained by ion implantation as mentioned in
2.1. This atno;phized layér will recrystallize at an elevated tempcratufc without any
transport medium. This is the case of SPE without medium and is shown in ﬁg.9.(b). In the
ﬁgure,‘ a Si ion beam was used for amorphization. Growtﬁ behavior of the layer is

dependent on substrate temperature, substrate orientation, implanted species, and ion dose

12



used in the amorphization process. Si preamorphization has been extensively studied.

During the regrowth following Si* ion implantation in a (100) substrate, the planar a/c
interface moves towards the surface with a uniform velocity and an activation energy of

about 2.68 eV for interface migration. The growth rate is expressed as

v = vexp(-AHg/kT) 4

and wheré AHg= 2.68 eV and v = 3x10'scm/sec for (100) Si. The growth rate is also

observed as a function of substrate orientation as shown in fig. 10. ¥ . The rate of
regro§vth on (100) orientation is about 25 times faster than the growth rate on (111)
orientation. (111) growth often includes significant densities of microtwins and stacking
faults. Physical understanding of both the generation of those defects and their slow
growth rate has been provided by a model in which two complete bonds are required on
the crystalline surface for layer formation, confirmed by observation of stacking faults in

4446 An atomic

(111) layer growth using transmission electron microscope (TEM) .
model in fig. 11 i]luétrates the effects of sqrface orientations on regrowth behavior.
Formation of two complete bonds is easy on a (100) orientation because dnly one atom 1is
required td obtain two bonds on the surface. However, on a (111) surface, three atoms in
a row must sit on the surface to form a new layer. If they sit in the proper way (N), no

stacking faults form but if they sit in the other way (T), faults or twins are generated as

shown in fig. 11. Note both ways of sitting, N and T in fig.11.

13



In addition to the surface or regrowth orientation effect, other interesting parameters
are the ion species and their implantation doses. Figure 12 shows plots of regrowth rate

4751 If the implanted dose or

as a function of ion species aﬁd their concentrations.
concentfation is too high m émorphized layers, the epitaxial growth rate decreases.
Moreover, polycrystalline regrowth occurs instead of epitaxial growth if the impurity
concentration is well above‘ the solubility limit. This phendmenon is frequently seen in
(111) Si while it is less likely in (100) Si. Nucleation of polycrystals usually ‘occurs at
impurity precipitates or aggregrates in the amorphous phase forrhed by high dose
‘implantation. ’ According to Williams et al *, polycrystalline nucleation is thought to
arise either from precipitates of the fast diffusing impurity species already present in the
amorphous phase, or as a result of sl.ow regrowth and impurity segregation at the moving
interface for the -impurities of low diffusity. Sinée (111) growth is very slow, there is
sufficient time for the nuclc_ation and growth of the precipitatés or interface aggregrates
during (111) growth. If thg density of precipitate nuclei is high‘cnough, eiaitaxial growth is

difficult and poor epitaxial growth occurs because those precipitates have different

orientation relationships with the Si substrate.

In the case of low dose amorphization, regrown crystalline layers are known to be of
better quality than _the crystallihe subsurface when implanted without amorphization and
then annealed. Electrical activation of dopants was much better in the case of
preamorphization before - dopant implantation than in the case of normal dopant

implantation which usually shows a negative annealing effect. '” In the case of boron

14



implantation in crystalline Si, the electrical activation curve during isochfona] annealing
shows a negative curvature or a sudden deactivation at 600°C while stcady activation has
been shown at the same implantation and annealing condition in the case of preamorphized
Si. This is because boron atoms form pairs or aggregrates at temperatures near 600°C.

* Recrystallization may not allow such pairing of boron atoms. >

2.2.4 Strain relaxation in SPE of amorphous SiGe layers
In the thermodynamics of thin film growth, strain energy is not a critical factor for
nucleation and growth, although the thermodynamic driving force and surface energy
terms are f/cry important. But the strain energy term becomes important when considering
the strain relaxation by defect generation in heteroepitaxial layers, that is, when the
epilayer formation is allowed with large enough driving force and wettability. 732 The
formation of strained or strain-relaxed SiGe layers has been extensively studied using
"molecular beam epitaxy (MBE) or other vapor phase epitaxy (VPE). Misfit strain or
tetragonal distortion have been measured by x-ray diffraction and other methods in
commensurate SiGe layers. 53,34 Recently, strain relaxation of SiGe layeré formed by IBS
. has also gained some attention by several researchers. ' SiGe layers made by IBS
have Gaussian-like Ge concentration profiles while strained layers made by VPE have

uniform Ge concentrations. Unlike the strain relaxation in VPE SiGe layers in which

mainly 60° perfect dislocations are generated as misfit dislocations near the (100) growing
film surface, strain relaxation in SPE SiGe layers on (100) Si results primarily in stacking

faults with partial dislocations. A perfect dislocation has the largest burger's vector, and
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therefore the most effective strain relaxation in (100) oriented film growth. In order to
understand the stacking fault generation in SPE, the concept of equilibrium critical

’

thickness was modified to consider Gaussian strain profile in the SiGe layers formed by

16.17.55 Without considering the activation barrier for the

high dose ion implantation.
nucleation of strajn-iﬁduced defects, the stacking fault ggncratioﬂ could not be well
explained. In group 4 materials such as Si, and Ge, the nucleation vba'rrier is as important as
the strain energy to be relieved (The barrier is usua]ly regarded as the migration barrier for
misfit dislocation which is a typical strain-induced defect, because dislocation migration
creatcé new segments of dislocation hne). Moreover, because stacking faults do not
appear between the Ge peak location and the EOR ;egi()n, the energy balancing equation |
for the critical thickness may not be corréct in the estimation of tétal stacking fault energy
or dislocation self-energy. Ther_efore, stacking vfa'ult generation must be uﬁderstood
differently by considering both the kinetic barrier oppoémg- stacking fault nucleation and
the morphology of the a/c interface where (lllll) habit planes exist and also where the
stacking faults or dislocations are nucleated. According to a recent report, dissociation Qf
perfect misfit dislocations into partial dislocations is possible in strain relaxation on
surfaces other than (100) oriented surfaces undér compressive stresses. 56 It is likely
that the a/c interface of SPE layers in microscopic view contains (111) planes in high
density while the growing surfacc. of VPE film is relatively flat in (100) orientation. This
information can clarify why SPE growth even on-a (100) substrate sl.lowsA a high density

of Staclcing faults.
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2.3 Schematic view of the defects generated in IBS of SiGe layers

From the context of 2.1 and 2.2, it is presumed that the SiGe layers formed by IBS
contain two different lattice defects that are located at different depths: EOR defects and
strain-induced stacking faults. A schematic picture in fig. 13 illustrates these two defects.

Strain-induced defects are located near the projected range (Rp) of implanted Ge ions,

while EOR defects are closer to the Si substrate.
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3. Experiments
3.1 Design of experiments

- Experimental conditions were determined to isolate or spatially distinguish EOR
defects and strain-induced stacking fauits in layer images achieved by crqss-sectional
transmission electron microscopy (XTEM). According to previous work, if an As* ion -
beam energy of 120keV is used, an amorphbus layer thickness of 1500A results when the

total dose is on the order of 1016/ 2. 3132 Since the mass of Ge* (73amu) is nearly the

same as.that of As* (74.9amu), we can still use a reference equation forfhé amdrph'ous '

thickness formed by As* implantation as follows,
 Thickness(0) = Ry + 3AR, | 5)

The projécted range of Ge, Rp. and the Ge ion straggle, ARP, at that ion enei'gy are about

820A and 250A, respectively, as shown in table 1 of the Appendix. Assuming that the Ge
concentration profile is Gaussiaﬁ-like, the total dose to aéhieve a certain Ge peak
concentration can be determined. Practically, 1500A is a thick .enough layer to be
observed by conventional transmission electron microscopy (CTEM) which is used to
resolve the two differenf spatial depths where EOR loops and strain-induced stacking
faults are located in the SiGe layers (the amorphous layer thickness is almost the same as
the SPE;regrown layer thickness). After fixing the implant energy for achieving .sufﬁcient

layer thickness at 120 keV, IBS experiments to minimize EOR dislocation loops and
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strain-induced stacking faults. were designed as shown in table. 1. Rooip temperature
(RT) implantation and liquid nitrogen temperature (LNT) implantation are obvious
methods to study- the reduction of EOR loop density. To reduce the stacking faults
generated in the Ge peak region, lowering the Ge dose and sequential C implantation for

strain compensation were also tried.

3.2 Starting materials and ion implantation
The starting materials were 4-inch Si wafers with (100) oriented surface and n-type

doping to resistivities of 1 to 5 ohm-cm. Ge ion (Ge*) implantations were performed to

obtain three high-Ge doses which werc. 2x1016cm'2, 3x10160m'2, and 5x10cm™.
Corresponding Ge peaks in units of atomic concentration were determined to be 5%, 7%,
and 12%, respectively, by using Rutherford backscattering spectrometry (RBS) after
implantation. Both RT and LNT implantation were done at these three doses and an
implantation energy of 120 keV. The as-implanted alloy layers with 12% Ge peak
concentration (LNT) were then subjected to sequential implantations of C ions (C*) at

room temperature, using a beam energy of 22keV to position the C ion peak at the same

depth as the Ge peak. Three different C doses of 1x10150m'2, 2x10150m'2, and

3.5x10%cm 2 were used to yield three anticipated C peak concentrations of 0.3, 0.55, and

0.9 at%, respectively. Germanium ion (Ge*) implantation was done by using a Varian 200-
DF4 implanter at the Lawrence Berkeley Laboratory (LBL). The ion current was about

60pA for all Ge implantations. The wafer station had an about lcm thick aluminum plate
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which was used for wafer loading in one side, so the plate could contact liqilid nitrogen on
the other side. Since the total dose measured by Faraday cup in the implanter included
secondary electron yield as well as ion yield, calibrations by using RBS were alwéys
| performed to obtain exact ion doses. For C ion imblantation, a metal-vapor vacuurﬁ-arc
"(MEVVA) ion source at LBL was used. Although the MEEVA ion source has no mass
analysis for selcctihg charges #nd isotopes, time of flight spectra showing the charge state

fora graphite cathode proved monojetic ion (C*) behavior. >

Table. 1. Experimental approaches for minimizing defects

Defect kinds Approaches

1. RT implant

2. LNT implant

Misfit Dislocations

1. Lower Ge doses to  get lower peak
(stacking faults) at%(12, 7, 5 at% in peak) |

2. C sequential implantation 12 at%
peak of Ge implanted layers(nominal

C peaks 0.3, 0.55, 0.9 at%)

3.3 SPE annealing

For the study of defect minimization, furnace annealing for SPE was performed at

800°C for 1 hour in a nitrbgen ambient although the usual temperature for amorphized Si
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regrowth is only 550 to 600°C. '*'* * Since these amorphized layers have very high dose
of Ge as an alloying element, the regrowth rate is expected to decrease as explained in
2.23. In order to achieve full regrowth, a higher temperatﬁre than the regrowth
temperature for amorphized pure Si was selected in this work. A nitrogen ambient was

used for preventing specimen surface oxidation.

Separately, lower temperature (550°C) annealing of the amorphous alloy layer with
the highest dose was done to observe the migration behavior of a/c interface. In other
words, partial regrowth annealing of the SiGe alloy layer with 12 at% Ge peak was

performed at that tempcraﬁire for different time periods (1 hour and 5 hours).

3.4 Characterization Qf SiGe alloy layers
3.4.1 Rutherford backscattering spectrometry (RBS)

In order to measure Ge doses, RBS was performed on as-implanted specimens.
Depth profiles for Ge composition in the alloy layers were also obtained by using Ge
signals from random or channeled RBS spectra. Amorphized Si thicknesses were
measured from Si signals by ion channeling. With SPE annealed samples, <1 10> ion
channeling was employed t‘o quantize the relative crystallinity of the annealed layers by

measuring minimum backscattering yields, ¥,;,. For all RBS measurements including ion

channeling in this study, specific spectrometry conditions were employed and schematic

diagrams of backscattering conditions in fig. 14 illustrate the conditions. Scattering angle,

0 and detector angle, 04, were fixed at 165o and 15 o, respectively. An identical 4He+ ion
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energy of 1.95 MeV was also used in every experiment. Spectra conditions for each
* specimen are summarized in table. 2. Since in RBS, a light ion is used as a projectile with
a very high kinetic energy (MeV), energy loss is dominated by electronic stopping in
target materials. Ion beam analysis regime of LSS plots in fig. 1 meets this condition of
ion mass and énergy. However, a small amount of elastically backscattered ions are
counted as signals in a detector channel which linearly corresponds to backscattered
energy of ions. The examplary spectrum of fig. 15 shows the two signals obtaingd from
the tw§ elements of a binary compound film (SiO,) on a substrate(Si). 66 - The
backscatteredvion energy is so depcndent on target material and scattering angle that the
dose and depth profile of impurity atoms may be measured with impurity signal profiles

separated from substrate signals. In the case of a compound thin film (Si,O,) of uniform

composition, the following well-known equation is used for composition calculation,
m/n = (Hy/Ho) ( Zo/Zs) [es/[€,] - | (6)

where Hg; and H, are heights of signals from Si and O in the ﬁlm'.SimOn, Z, and Z are
atomic numbers of Si and O element in the film Si 0, and [gg] and [g,] are electronic
stoppiﬁgs by element Si and O in the film. Thé ratio Hg e,/ Hyle ] is same as the ratio of
the area under the signalé which can be directly measured from the spectra, so that m/n
“can be simply determined. ©  Using '_:hese concepts, implanted Ge doses in .SiGe alloy

layers were measuréd from the spectra by integrating Ge signals and Si signals.
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Ion channeling was performed in a <100> or <110> orientation after a random
scattering yield was obtained. The channeling effect arises because rows or planes ‘of
atoms can steer energetic ions by means of a series of small-angle collisions resulting in
very small amount of backscattering yields. When the specimen is slightly tilted from the
right collimated orieﬂtation, channeling will be ruined by large-angle scattering events.
Channeﬁng measurements have three major applications in backscattering analysis: amount
and depth distributioﬁ of lattice disorder, location of impurity or interstitial atoms in the
lattice sites, and composition and thickness of amorphous surface layers. In the present
work, the channeling was performed mainly for measuring amounts of lattice disordering.
Ion channeling was useful because the strain-relaxed SiGe layer has high density of planar
defects (stacking.faults) which may effectively dechannel helium. ions. Spectra in fig. 26
and fig. 32 show both random and channeled spectra in a SPE annealed SiGe alloy layer.
The surface peak in the channeling spectra may be due to reconstructed surface atoms or a
very thin surface layer of SiO, formed during nitrogen annealing. Backscattered signals
from Si and Ge at the surface are indicated in the spectra, whére the buried Ge peak is

clearly recognized. The minimum backscattering yield, Amin> Was determined as a

percentage ratio of channeled backscattering yield to random backscattering yield in the Si

signal in the spectra.
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Table. 2. RBS spectra conditions on each specimen

type of spectra keV/channel peak at% of elements,

35

specimen
dose :
RT,o5  random 3.86 -5 at% Ge, 2E16/cm®
RT, o5 <100> channel 3.86 5 at% Ge, 2E16/cm®
LNT, a5 random 3.5 5 at% Ge, 2E16/cm®
LNT, o5 <100> channel 3.5 ~ 5at% Ge, 2E16/cm”
LNT, o7 <110> channel 3.86 7 at% Ge, 3E16/cm*®
- LNT, a12 random  3.86 12 at% Ge, 5E16/cm”
LNT,al2  <100>channel 3.86 12 at% Ge, SE16/cm’
LN+SPES random - 3.86 5 at% Ge, 2E16/cm’®
LN+SPES5 <110> channel 3.86 5 at% Gé, 2E16/cm”
LN-+SPE7 random - 3.86 7 at% Ge, 3E16/cm®
LN+SPE7  <110>channel 3.86 7 at% Ge, 3E16/cm’
LN+SPEI2  random - 3.86 12 at% Ge, SE16/cm’
LN+SPE12  <110>channel 3.86 12 at% Ge, 5E16/cm®
Ge+C.55 <110> channel 3.86 12 at% Ge, 0.55 at% C
Ge+C.9 random 3.5 12 at% Ge, 0.9 at% C
Ge+C.9 <110> channel 3.5 - 12 at% Ge, 0.9 at% C
Ge+C.3 <110> channel 12 at% Ge, 0.3 at% C

4
* A constant He* ion beam energy, 1.95 MeV was used. In specimen description, RT,a5 means as-
implanted layer(RT) with 5 at% Ge peak. LN+SPES means the 5 at% Ge peak layer which is SPE
annealed after LNT implantation. Ge+C.55 means a SPE annealed layer with 12 at% Ge and 0:55 at% C

peaks.



Rutherford bachscattering spectrometry (RBS) analysis has a depth resolution which
depends upon detector resolution, beam detector geometry, ion energy variation with
depth, and the identity of elements in the target. Depth resolution refers to the ability to
sense composition changes with depth variation. Just as the energy scale of detected
particles is translated into a depth scale, the lowest resolvable energy can be translated into
the sma]lést resolvable depth interval. From RBS spectra, the depth resolution .of the

system or the energy resolution at the specimen surface can be measured as OE(=Egzq, -
E29) shown in fig. 18. Since the energy resolution, 6E is equal to [S]8x, the depth

resolution, 0x is worked out as OE/[S] at the surface of the target, where [S] is called the
energy loss factor or electronic stopping power that the projectile ions experience. When
the spccimen-is properly tilted to increase the ingoing and outgoing path of the projectile
ions, the effective depth resolution increases. *° Under_ the SiGe analysis conditions of
table. 2 and fig. 14, the depth resolution at the surface was found. to be about 2004,
depending on the channeling direction, if the density of target material (SiGe) is assumed
to be 5x10%/cm?®. The energy loss factor, [S] for <110> direction was about 82.25 eV/A
in calculation. ®®  Besides depth resolution, RBS has limited mass resolution and limited
sensitivity to trace elements in the target. Under the fixed analysis conditions of table. 2,
however, the mass resolution limit is not critical. Moreover, because the implanted Ge

dose is very high in this IBS work, the sensitivity limits can also be ignored. According to

‘an empirical equation of Chu, ® the minimum detectable Ge dose at 2MeV of “He" ion

energy is about 2x10%cm™.
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3.4.2 Cross-sectional transmission electron microscopy (XTEM)

In order to observe the defect generation and the migration behavior of the a/c
. interface, XTEM studies were performed using a Philips 301 TEM in the Department of
.Mateﬁals Science and Mineral Engineering and a JEOL 200CX in LBL. Prior to XTEM
observation, speciinéns were prcpared éccording' to the following steps and the

illustrations in fig. 16:

1. Cleave the wafer.

2. Make a sandwich of two cleft wafers using an adhesive epoxy.

3. Slice the saﬁdwich using a diamond saw.

4. Attach a slice oﬁ é polishing die using wax.‘

5. Polish one side of the slice using silicon carbide papers and diamond pastes.

6. Attach a Cu grid on the polished side using an adhesive epoxy.

7. Turn the polished side over and polish thc; other side of the slice.

8. Continue polishing uﬁtﬂ the polishevd slice is thin enough to produée a’ yellowish-red
color under an optical microscdpéobservation. |

9. Ion-mill the thin specimen at liquid nitrogen temperature to produce a perforation.

For the adhesive, M-Bond 610, which can withstand high temperature, was used. Usual

ion milling time was about 2 ~ 3 hours to finalize the sample preparation. The ion milling
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rate for Si is estimated to be 9 pm/hour when two Ar" ion beams with 5 keV of energy are
used at 15 degree of beam tilt. ©*
Ion milling was always performed at liquid nitrogen temperature to avoid beam heating

effects.

vTransmission electron microscope observations were performed by using <220> two
beam conditions and symmetrical orientations along the <110> zone axis. The symmetrical
conditions were used to measure the amorphous thicknesses in as-implanted specimens. A
few plan-view TEM (PTEM) samples as well as XTEM samples were prepared to observe
EOR dislocation loops remaining after LNT implantation followed by SPE annealing. The
observed specimens aré summarized in table. 3. The spatial resolution of the Philips 301
microscope was about 5A and that of JEOL 200CX was about 2.5A, at which resolution,
lattice imaging could be performed. Mainly diffraction imaging was used in this work

because diffraction contrast using the principle of vector product, g-R is the most

convincing way to observe and analyze such lattice defects as stacking faults and EOR
dislocation loops. © In the vector product, g is the reciprocal lattice vector associated
with the real-space diffraction planes and R is the displacement vector of the lattice

distortion induced by defects. If g-R is zero, no contrast will be obtained in image plane.
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Table. 3. Prepared TEM specimens

Specimen | XTEM PTEM Annealing condition
RT,o05 ‘yes no N/A

LNT,05 yes no N/A

LNT,l2 yes no N/A

LN+SPES - yes yeé 800°C, 1 hour
LN+SPE7 yes no ‘ 800°C, 1 hour
LN+SPE12 .yes no ' ~ | 800°C , 1 hour
RT+SPE12 yes ‘1o '800°C , 1 hour
Ge+C.55 yes no o 800°C, 1 hour
Ge+C.9 yes yes _ 800°C , 1 hour
LN+SPE12’ . yes » no ~ 550°C, 1 hour |
LN+SPE12” | yes | | no : 550°C , 5 hours

* Specimen description is same as used in RBS spectra except for LN+SPE12’ and LN+SPE12” (partially
regrown SiGe layers obtained from different annealing conditions). “yes” means that the specimen was

~ prepared and observed. “no” means that the specimen was not prepared for TEM observation.
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3.4.3 X-ray diffraction (XRD) using monochromatic crystal (Ge) rocking

Strain measurements were performed on various SiGe alloy layers after SPE
annealing using XRD. A 4-bounce Ge crystal monochromator was used with Cu Ko
radiation at a wavelength of 1.54A. The smallest stép angle allowed during a rocking-
curve sweep in the XRD machine was 0.001 degree or 3.6 arcsec and diffracted X-ray
signals from (400) planes of the SiGe samples were analyzed for calculating strains in the
layers. Separate (400) peaks were obtained from Si and SiGe when the spectra were
plotted on a logarithmic scale as shown in fig. 28. The difference between separate Bragg
angles, A8 has a fixed range between -800 and 100 arcsec in the spectra. Strain can be

deduced from following equations when a tetragonal distortion is assumed:
A = 2d sinB =constant ‘ 7.
If the derivative of equation (7) is taken,

Ad sin® + d cos® A8 =0 : (8)

er = Ad/d = -( cosB/ sin® ) AB . 9

where &t is a tetragonal strain, d is the distance between two (400) planes, 6 is the Bragg

diffraction angle from the planes, Ad is the difference between dg; and dg;g, which are the



interplanar spacings between two (400) planes in the Si substrate and the SiGe layer,
respectively, while A6 is the difference between two Bragg diffraction angles. Tetragonal

~ strain or tetragnal distortion, ey is always bigger than the misfit strain and has the

following relationship with misfit strain, € ;.
er = Emisri(1 +V ) (1 = V) ' (10)

where €5 1S estimated as 0.042 Xce(Ge composition in Si). v is the Poisson’s ratio of a

thin film layer grown on a substrate.

3.4.4 Raman sﬁectroséopy

| _Ramém spectrbécopy was performed on the SiGeC alloy layer at room temperature
using an Ar laser with a wavelength of 488nm. This experiment was done to confirm the
substitutionality of seQucnﬁally—implantéd C atoms. The analyzed sample had 12 at% Ge
| peak and 0.55 at% C_pcak at the same depth in the layer. Phonon absorption by the
vibration of main lattice or local vibration were plotted as Raman shift fr(.)m the mciaent
photon energy and the scanning range of the Raman shift was 300 ~ 1000 cm. The
spectral fesolution of Raman spebtroscopy was 2 om’. The.phonon absorption process
cé.n be explained by following equatidns for the conservation of ;:)hoton energy and

momentum.
=0+Q ; k=k'+K ‘ . (11)
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where Q and K are phonon frequency and wavevector respectively.‘ The incident photon
from the laser has a frequency, m, and a wavevector, k, while the emitted photon from a
crystal with optical phonons shows different values of wavevector, k', and frequency, o,
due to phonon absorption or emission. All crystals are not Raman-active, but can be
Raman-active if they have optical phonons. Because diamond cubic materials have optical
phonons, signals from Si or SiGe can be expected in Ranian spectra. © The difference (Q)

between w and o), is the Raman shift, which is measured.
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Fig. 14. Backsacttering conditions in RBS study. Scattering angle, 0 is fixed as 165
degree and ion beam energy is 1.95MeV. Detector angle, 6, is fixed as 15 degree. Tilt
angle, 0, is 0 degree for normal <100> direction and 45 degree for <110> direction.
Therefore, another geometrical angle, 0, is determined by summing 6; to 64.
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4. Results
4.1 Ge profiles in SiGe layers and layer thicknesses
As shown in fig. 17 and fig. 18, Ge concentration profiles of LNT implanted SiGe

layers were obtained from Ge signals in the RBS spectra. The Ge peak concentration of a

selected specimen, for example, was 7 at% and the corresponding dose was 3x1016/cm2.
The profiles were observed with both an as-implanted specimen and an annealed one as

indicated in the plot of fig.17. They show a projected ion range [Rp) of 650A to 700A

and an ion straggle of about 250A to 300A. These values slightly deviate from TRIM-

simulated numbers in table 1 of the Appehdix. In particular, Rp. from the TRIM

simulation is aboutIISOA largér thaﬁ experimental yaluc. However, if surface sputtering
- during Ge implantation is included, a smaller Rp is expected in experiment. Since the
diffusivity of Ge is low at the anncéﬁgg temperaturcv of 800°C? it is reasonable that the Ge
depth 'proﬁles bcforé and iftcr annealing do not show any sigm'ﬁcaht redistribution in the -
plot of ﬁg.v 17. The SiGe layer thickness shown in fig. 17 is about 1700A. The
‘amorphous (o) layer thickness was alsq calculated to” be about 1800A from Si signals in
- <1 10> channeling spectra vof the as¢ih1planted specimen in ﬁg; 18, while thc Ge depth
profile wés oﬁtained by cqnverting thé Ge signals in the spectra. For amorphoué iayer
thickness calculations, fu]l width half max1mum(FWHM) of amorphou§ Si signal peak
indicated in fig. 18 was converted into energy units and then the energy was converted to
thickness using the eﬁergy loss factor (electronic stopping), [S] m Si. The energy lbss

factor, [S] was about 82.25 ¢V/A as mentioned in sectfon 3.4. Due to ion energy straggle,
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the calculation of amorphous layer thickness using RBS spectra contains some amount of

error which increases the depth resolution value, 5x. ¢

4.2 Amorphized layer thickness and damage beyon(i a/c interface.

Amorphized layer thickness was measured again by using XTEM images, because
the <110> ion channeling method has a low depth resolution. The smallest o thickness
among all the SiGe layers was measured to be about 1550A in the as-implanted SiGe
layer (RT) with 5 at% Ge peak. Cross-sectional TEM micrographs in fig. 19 and RBS
spectra in fig. 20 are used for the thickness measurement. In spite of the low depth
resolution, a nearly identical amorphous thickness was obtained from RBS spectra and
the XTEM micrograph. This may be because the thickness of interest in the present
research is so thin that [S] does not change much in the layer. Symmetrical diffraction
conditions were used in XTEM for more accurate measurement of thickness. An XTEM
image with higher magnification in fig. 19(b) showed small dislocation loops of 100A
diameter beyond the a/c interfacc although the diffraction contr;ast method used for defect
observation has a minimum identifiable diameter of dislocation loops in the 100A range.**
Because this layer was formed during RT implantation, any dynamical annealing effect
was combined with the formation of interstitial clusters; these are the origin of EOR loops
as mentioned in Chaper 2. It is well known that large clusters of recoiled interstitials are
converted into extrinsic stacking fault loops by dynamical anncah'hg or SPE annealing.
3334 These dynamical annealing effects can be reduced by employing LNT implantation

instead of RT implantation. ****®  The XTEM micrograph in fig. 21 shows the



.amorphous thickness and a/c interface obtained by using LNT implantation with the same
dose as used in RT implantation. A thicker amorphous layer of about 1700A was
-obtained and the substrate near the a/c interface did not show any recognizable
dislocation loops but tiny dots, which are likely to be small clusters obscured by the
resolution limits of the Philips 301. The initial signature of lattice damage is expected to
increase in magnitudé and become large dislocation loops after high temperature
annealing as mentioned in Chapter 2. The Ge dose as well as the temperature were seen
to affect the o layer thickness. These effects was experimentally observed in the i)rescnt
wbrk by XTEM and RBS. A plot in fig. 22 shows the Ge dose dependence of the
amorphous layer produced during LNT implantation. The LNT-implanted layer with 12
at% Ge peak showed a 2000A amorphous layer thickness as measured by RBS
chanﬁeling and XTEM miqrograph in fig. 23. The XTEM image inset in the RBS
channeling spectra also shows no lattice defects beyond the a/c interface as a result of

LNT implantation.

4.3 EOR dislocation loops in SPE regroWn layers

The EOR loops in both LNT and RT implanted SiGe layers were oBserved after
annealing at 800°C for 1 hour. As shown in the XTEM miprograph is! ﬁg. 24(a), a RT-
'implantcd SiGe layer with 5 at% Ge peak showed a high density of EOR dislocations
after recrystallization while an LNT-implanted layer showcd a considerably reduced
dehs‘ity of dislocaﬁons. In the XTEM micro gréph of fig. 24(b), similar results were shown

in the other RT-implanted SiGe layer with 12 at% Ge peak, although the layer showed
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not only EOR loops in high density but also strain-induced stacking faults déveloped from
about 700A depth. However, LNT-implaﬁted SiGe layers revealed a minimized density of
EOR loops as showﬂ in tﬁe XTEM micrographs of fig. 25. . These results could be
anticipated from the observation of as-implanted specimens discussed in 4.2, because the
density of EOR loops depends on the density of supersaturated Si interstitials beyond the

a/c interface as.explained in 2.1.5.

' 4.4 Strain-induced stacking faults in SPE regrown SiGe layers

Strain—induced stacking faults with misfit dislocations showed up in the SiGe layers
with more than 7 at% Ge peak. The three micrographs shown in fig. 25 present the SPE
regrown SiGe layers with different Ge peak concentrations. They were LNT implanted
| layers and the layer with only 5 at% peak did not show any stacking fault and a small
amount of EOR dislocation loops. These results were also confirmed by <110> ion
channeling. The two spectra in fig. 26 represent the channeling results obtained from
SiGe layers with 5 and 7 at% Ge peaks. The layer with 5 at% Ge peak showed very good

crystallinity with a low X;.(= 5%) while the layers with 7 at% Ge peak had a %, of
about 9 to 10%. A plot in fig. 27 shows the dependence of ¥, on Ge peak
concentrations in SPE grown layers. Note that the y;, of a pure Si wafer is 3.5% in

<110> ion channeling. As confirmed in both ion channeling and XTEM observation, there
is a threshold peak concentration of Ge at about 6 at% for the generation of misfit
~ dislocations and stacking faults. X-ray diffraction (XRD) using rocking crystals shows a

secondary (400) peak for a strained or commensurate SiGe layer with 5 at% Ge peak in a
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diffraction spectra of fig. 28. Measured mean te;tragonal strain(ey) from the secondary
peak was about 0.25% which could be converted into 0.14% of fnisﬁt strain (€,;sf;e) USIng
equation (10) with a Poisson’s ratio of Si (v=0.27). From the X-ray diffraction spectra,
the residual strain is shown to be compressive bccausé the AO in arcsec is negative. The
peak intensity is about hundred times smaller thaq main Si substrate peak, comparable to

%  Due to the nonuniformity of the strain in the SiGe layer, the peak

previous reports.
was somewhat broad, but there is no doubt that the layer with 5 at% Ge peak is
commensurate with compressive residual strain as is observed in the XTEM results of fig.

25.

4.5 Regrowth behavior of SiGe alloy layers

The XTEM inicrographs in fig. 29 show the results from low temperature (550°C)
| annealing of SiGe layers with 12 at% '.Ge peak for 1 and 5 hdurs. Regrowth was
incomplete after these annealing conditioﬁs. The a/é interface grows in a planar mode up
~ to a certain height from the 1mt1a1 position but then changes growth morphology from
that height on, breaking the planar morphology into a faceted one. Moreover, the
regrowth rate near the Ge concentrated region is considered very slow compared with the
initial regrowth rate of SPE. Note that the initial growth rate is at least 1000A/hour while
the rate goes down to less than 100A/hour as deduced from the XTEM results. The break
point was about 800A below the wafer surféce. A high resolution XTEM image in fig. 30

- clearly shows the region and the stacking faults generated near the region. The stacking
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faults are developed from the Ge peak concentration region and one end of the stacking

faults is terminatcd at an a/c interface.

4.6 SiGe layers SPE-regrown after C sequential implantation

XTEM micrographs in fig. 31(a) and fig. 31(b) show SiGe layers with C
concentrations and 12 at% Ge peak in the layers. Stacking faults were considerably
reduced in >density, compared to the SiGe layers with no C but high Ge peak
concentration (fig. 31(c)). One layer m fig. 31(a) has 0.55 at% peak C and another layer
in fig. 31(b) has 0.9 at% peak C. Only the suffacc region of the layers shows a limited
amount of stacking faults dﬁe to strain relaxation. Fewer stacking faults were shown in
the SiGe layer with 0.9 at% C peak than the layer with 0.55 at% C peak. The <110> ion
channeling spectra in fig. 32 reconfirm ‘the results from XTEM micrographs in fig. 31. A
Xmin Of 3% was obtained from the spectra with C };eak of 0.9 at%. However, 15% (=
Xmin) Was obtained from a SiGe layer with 0.3 at% C and 12 at% Ge as shown in a plot

of Y min VS- C peak concentration (fig.33). It is likely that there is also a threshold C peak

concentration to suppress the generation of stacking faults or misfit dislocations, as
similar results of a threshold Ge peak concentration were shown in 4.4 and fig. 27.
Therefore, from both ion channeling and XTEM, the best crystallinity is obtained from

the SiGe layer with 0.9 at% C peak, in the present experimental specimen series.
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Fig. 17. Ge distribution in LNT-implanted SiGe layer with Ge dose, 3x10'%cm?®. Ge peak concentration was 7 at% and after
SPE annealing, Ge redistribution was negligible.
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Fig. 19. XTEM micrographs show the a/c interface and o-layer thickness in the RT-implanted SiGe layer with 5 at% Ge peak.
Micrograph (b) with higher magnification than (a) shows very small dislocation loops dynamically formed beyond the a/c interface.
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Fig. 21. XTEM micrographs show the a/c interface and o-layer thickness in the LNT-implanted SiGe layer with 5 at% Ge peak.
Micrograph (b) with a higher magnification shows no dislocation loops but small dots beyond the a/c interface. Thickness was thicker
than o-layer thickness formed by RT-implantation.
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Fig. 23. Random and <100> ion channeling spectra of as-implanted layer with a dose, 5x10'%/cm?.
Inset is a corresponding XTEM image of a-SiGe layer on a Si substrate.
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Fig. 24. XTEM micrographs of SPE-grown SiGe alloy layers annealed at 800°C for 1 hour after RT implantation.
(a) Ge dose = 2x10'® cm™ (5 at% Ge peak), (b) Ge dose = 5x10'° cm™ (12 at% Ge peak).
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Fig. 25. XTEM micrographs of LNT-implanted SiGe layers after SPE annealing at 800°C for 1 hour.
(2) Ge dose = 2x10'° cm™ (5 at% Ge peak), (b) Ge dose = 3x10" cm® (7 at% Ge peak).
(c) Ge dose = 5x10"® cm™ (12 at% Ge peak).
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Fig. 26 (a). Random and <110> ion channeling spectra of SPE SiGe layer with 5 at% peak Ge.
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Fig. 26 (a). Random and <110> ion channeling spectra of SPE SiGe layer with 5 at% peak Ge.
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Fig. 25. XTEM micrographs of LNT-implanted SiGe layers after SPE annealing at 800°C for 1 hour.
(2) Ge dose = 2x10"° cm® (5 at% Ge peak), (b) Ge dose = 3x10"® cm (7 at% Ge peak).
(c) Ge dose = 5x10"® ecm™ (12 at% Ge peak).



19

800 - T : T y T ' | : T
! Q SPE annealed SiGe layer with 7 at% peak Ge
Random
600
o Si
=
©
B
&
. 400
)
a1
i
=
=
8 500 <110> aligned Ge
0 L L e b )
150 200 250 300 350 400

Channel number
Fig. 26 (b). Random and <110> ion channeling spectra of SPE SiGe layer with 7 at% peak Ge.
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Fig. 29. XTEM micrographs showing the morphological change of the migrating a/c interface during SPE regrowth of SiGe layer with

12 at% Ge peak. The regrowth annealing was done at a temperature of 550°C for (b) 1 hr and, (c) 5 hrs. Micrograph (a) shows the as-
implanted amorphous thickness.
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Fig. 30. XTEM micrograph showing partial regrowth of LNT-implanted SiGe layer with 12 at% Ge peak.
Annealing condition was 550°C for 5 hours. Stacking faults are observed under the migrating a/c interface.
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Fig. 31. XTEM micrographs of SPE regrown SiGe layers with 12 at% Ge peak
and (a) 0.55 at% C peak, (b) 0.9 at% C peak, (c) no C concentration.



L9

: | : | ' 1 . |
SPE grown SiGeC with 12 at% Ge and 0.3 at% C peaks
800 |- =

& I

Random

600 -
£
c
S 400 i
@)
Ge
<110> aligned
200 -
Ymin= 15%
O 1 | 1 i 3 | &l 1 3 1
150 200 250 300 350 400 450

Channel number

Fig. 32(a). Random and <110> ion channeling spectra of SPE grown SiGeC layer (12 at% Ge and 0.3 at% C peaks).
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Fig. 32(b). Random and <110> ion channeling spectra of SPE grown SiGeC layer (12 at% Ge and 0.55 at% C peaks).
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Fig. 32(c). Random and <110> ion channeling spectra of SPE grown SiGeC layer (12 at% Ge and 0.9 at% C peaks).
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5. Discussion

5.1 EOR dislocation loops

As already discussed in Chapter 2 and Chapter 4, LNT implantation would be
expected to considerably reduce the EOR loop density because the density of recoiled Si
interstitials is smaller beyond the a/c interface during low temperature implantation.
Nevertheless, the reduced amount of dislocations is still not small. The plan view TEM
(PTEM) micrograph in fig. 34 shows the density of residual EOR loops after LNT
implantation and SPE annealing. Large loops are perfect dislocations while small loops
are faulted as indicated in the figure by their characteristic fringe contrast. It is likely that
the small faulted loops are Frank loops with a burger's vector of a/3(111), which are

“unfaulted” to perfect dislocations of a/2(110) type by reaction with a Shockley partial

dislocation of a/6(112) type during the thermal annealing process. 2** The well-known

reaction is expressed as follows:

a/3(111) + a/6(112) => a/2(110) (12)

This reaction is energetically possible if the stacking fault energy is considered. 2534 The
dislocation density resulting after LNT implantation is still much too large to be used in
IC devices. Due to high ion beam current and limited heat-sinking capacity of wafer
station, the real wafer temperature may be higher than LNT during implantation. As a
result of that, the effective reduction of EOR loop density would be impeded. To

maximize the low temperature implantation effect, both optimum control of ion beam flux

71



and considerate design of wafer station are necessary. According to the literature, EOR
loops may be reduced by other methods besides low temperature implantation. “**"¢’
One example is C implantation, so that the C concentration peak is on the EOR region,
has been attempted. This method can reduce the EOR loop density by a certain amount
although the reduction mechanism is still not clearly understood. It may be, however,
possible that Si interstitials are pinned by interstitial C or substitutional C atoms in the
same region beyond the a/c interface. Once the interstitials are rendered immobile by the
pinning effect, their clustering into lines or planar defects such as EOR loops becomes
difficult. In the present work, the C effect on EOR loop density is not clear because the C
peak is not located in the EOR region but in the Ge peak region. If as-implanted
amorphous layers do not show any extended lattice defects beyond the a/c interface even
during RT implantation, it is likely that no EOR loops may come out after SPE annealing.
A possible example is a low energy SiF4 implantation into a Si substrate, which was
performed for a study of preamorphization effects on dopant diffusion and ultra-shallow
68,69

junctioh formation in a PMOS (p-type metal oxide semiconductor) test structure.

Low energy implantation at 4 to 6 keV did not lead to EOR defect generation in that

study.

5.2 Equilibrium critical thickness and kinetics for misfit defect generation
In order to estimate the SiGe layer thickness before strain relaxation, equilibrium
critical thicknesses under which misfit dislocations can not generate or propagate were

calculated by modifying classical force balance equations. ">’ In the classical cases, the
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balance equation is shown by equating the dislocation line tension and the shear force
working on the dislocation line (perfect dislocation). A schematic diagram in fig. 35
shows the force balance in a heteroepitaxial layer on a substrate. Since the slip system of
dislocations in face centered cubic or diamond cubic structure is <110>(111), the
dislocation motion must be considered in those orientations. Energetically, the most

favorable dislocation in strain relaxation is the 60 degree perfect dislocation which has the

largest burger’s vector. By assuming the generation of only 60° perfect dislocation as

misfit defects, the calculation was performed as follows:

G,= G cosBcosd (13)
o = 2Ge(1+v)/(1-v) (14)
force on dislocation (VPE) = ¢ cosBcos¢ b (h/cosd) (15)
dislocation line tension = Gb*(1-v cos?6) In (othe/b)/4m(1-V) (16)

where € is a misfit strain, ¢ is the compressive biaxial stress, G, is an applied stress or a
shear stress on dislocation in (111) plane, cosBcos¢ is a Schmidt factor due to the crystal
orientation, G is a shear modulus, v is about 0.27 as a Poisson’s ratio of Si or Ge, o is
about 2, a constant related to dislocation core size, h, is the critical thickness,  is an angle
between the burger’s vector and dislocation line and 90-¢ is an interplanar angle between

the (111) slip plane and the (100) interface plane as shown in fig. 35. When we equate

equation (15) and equation (16), h, is calculated. As shown in the figure, a misfit
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dislocation line with a <110> direction is generated in the interface between the SiGe layer
and the Si substrate for strain relaxation. However, in actuality, this kind of generation
behavior is very rare since the misfit dislocation is usually created from the surface where
some higher stress concentration points may exist. Once the misfit dislocation is nucleated,
it may grow and migrate to the interface under the biaxial stress conditions as shown in
fig. 35. This is one of accepted models for the generation of the threading dislocations

which are often observed in various heteroepitaxial layer growth.

In the case of SPE layers, equations (14) and (15) should be reestimated by

considering the Gaussian strain profile variation with different heights as follows:

misfit strain = x5 = 8 Ge eXP(-(Rpg,X)/2ARpG,”) (17)
force on dislocation(SPE) = 2G (1+v)/(1-v) cos® b j EmishitdX (18)
( he=xc%,)

where 0 (=0.042) is the misfit strain induced by pure Ge in the Si substrate, Rp is 70nm as
the projected range for 120 keV Ge* ions, ARp is about 2504, the straggle of ions. If the
new force on the dislocation from equation (18) is identified with equation (16), the
critical thickness for SPE regrown SiGe layers is calculated. The plots in fig. 36 show the
comparison of the equilibrium critical thicknesses of SiGe layers with uniform Ge

concentration and SiGe layers with Gaussian-distributed Ge (SPE layers), while the
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uppermost plot of experimental values of critical thicknesses was obtained from the
XTEM micrographs in fig. 25. Using the above equations, equilibrium thickness values of
100 nm, 80 nm, and 65 nm were obtained from the SiGe alloy layers with 5 at%, 7 at%,
and 12 at% Ge peak, respectively. SPE grown layers always have larger critical
thicknesses due to lower misfit strain on average, and higher Ge compositions always lead
to smaller critical thickness due to larger misfit strain. The interesting point in this plot is
that even the layer with 5 at% Ge peak may have a critical thickness less than 1500A.
However, it did not show any misfit-induced stacking faults in the experiment. Therefore,
as indicated by an arrow in the plot of fig. 36, the layer with 5 at% Ge peak can grow to
infinite thickness without any misfit defects generated. For other SiGe layers with 7 or 12
at% Ge peak, the thicknesses before strain relaxation begins were always larger than the
calculated equilibrium critical thickness. These considerations may imply that the strain
relaxation may not be explained by critical thickness alone, although the equilibrium values

of h, closely approach the experimental values under the present SPE conditions.

Therefore, kinetic limitations on dislocation generation or migration should also be
considered because there exists an activation barrier or activation energy to overcome for
defect generation. This means that an excess force or energy over the equilibrium
condition is necessary for overcoming the barrier. Usually, a thickness larger than the
equilibrium critical thickness can be obtained in experimental heteroepitaxy due to this
barrier. According to previous work, strain relaxation depends on the epitaxial material

and growth conditions. **”> Lattice mismatch, elastic constants, crystal orientation and

75



symmetry, growth temperature and growth rate are the experimental parameters which
affect the nucleation or migration of misfit dislocations. The activation energy for
migration of 60 degree a/2<110> dislocations is about 2.2eV for Si and 1.6eV for Ge
while only 1.0eV for InAs and GaAs for (100) growth orientations. **”> These numbers
signify that the equilibrium critical thickness is more useful in predicting strain relaxation
in GaAs or less rigid compound semiconductors than Si or SiGe alloys having higher
elastic constants. It is also clear that higher a growth temperature leads to an equilibrium
thickness more readily with assistance of thermal energy. Dodson and Tsao developed a
more realistic model for explaining the effects of experimental growth conditions on misfit

dislocation nucleation and propagation. R

5.3 Misfit-induced stacking fault generation and growth kinetics of SPE layer
Typical activation energies for migration of partial dislocations on (110) or (111)
planes were recently reported. ** According to these reports, the activation energy of 90
degree partial dislocation with a burger’s vector a/6(112) in (111) oriented SiGe layer
with uniform 24 at% Ge is about 1.6eV which is smaller than the activation energy value
for migration of 60 degree a/2(110) dislocations in (100) oriented SiGe/Si system(~2.2eV)
of which the heteroepitaxial film is under compressive stress. >° This signifies that if the
a/c interface migrating in the direction of <100> has microscopic (111) facets, strain
relaxation can be dominated by 90 degree partial dislocations although the burger’s vector
of the 90 degree partial dislocation, when projected in the (100) interface plane and strain-

relieving direction (contrary direction of compressive stress arrows), is only 2/3 of that of
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a 60 degree perfect dislocation in terms of effective length for strain relieving. This is
because the partial dislocation has a lower activation energy barrier. This may be
considered a reasonable explanation about the generation of misfit-induced stacking faults
as shown in many figures so far (fig. 25, fig. 30). A high resolution micrograph in fig. 37
shows the a/c interface of an LNT-implanted SiGe layer. Macroscopically, the a/c
interface should be flat but microscopically, it has many (111) facets. If a biaxial force
acting on the layer is large enough for 90 degree partial dislocations to overcome the
activation barrier during SPE regrowth, it is likely that the 90 degree partial dislocations
have a chance to nucleate near the most strained region by using (111) planes in the a/c
interface. Another factor making it easier to overcome the activation barrier may be the
stress concentration effect of the faceted a/c interface. The smaller activation barrier and
stress concentration effect may also explain why the experimental critical thickness closely
approaches the equilibrium critical thickness (as shown in fig. 36). Unlike SPE growth,
MBE and other VPE growth have very smooth, (100) oriented surfaces which usually
show 60 degree perfect dislocations in their strain relaxation process. ' This fact
indirectly supports the generation of stacking faults as the dominant strain relaxation

mechanism in SPE regrowth.

Once the partial dislocations with stacking faults are generated, the regrowth rate is
retarded because the growth mode is changed microscopically from a (100) mode to a
(111) faceted mode, which has the slowest rate of growth as mentioned in Chapter 2.

Then, the change of regrowth kinetics shown in the XTEM micrographs of fig. 29 can be
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reasonably explained. Moreover, stacking mistakes are repeated due to the nature of

(111) growth and the resultant SPE layer would have a high density of stacking faults. “*¢

5.4 Critical average strain for generating misfit-induced defects

Another fact to consider is the threshold Ge peak concentration for misfit-induced
defects as observed in section 4.4. Since the 5 at% peak SiGe layer does not show any
misfit-induced defects while the 7 at% peak layer does show a high density of stacking
faults, it can be presumed that a threshold Ge peak concentration exists at about 6 at%. In
fig. 38, residual strain curves are plotted by assuming a Gaussian distribution of Ge in the
SiGe layers. In this simulation, ARp and Rp were 250A and 700A, respectively. The
peak misfit strain for 6 at% Ge peak is about 0.25%. In the figure, it is also indicated by
arrows that if residual strain (misfit strain) is over 0.25% in the peak, strain relaxation may
occur. Considering equation (17) again, we can define an average critical strain or strain

energy for generating strain relaxation as follows:
H
Eoritave= | Emisedh /H (19)
0

where H is an effective total thickness of SPE layer which can be fixed at about 15004,
and the force can be obtained by multiplying H and the elastic modulus to the average
critical strain. The average critical strain is found to be about 0.11% using equation (19)
and by considering the threshold Ge peak concentration of 6 at% obtained in the present

experimental conditions. This average threshold or critical misfit strain may increase if a
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lower annealing temperature is employed for SPE. Rather than a critical peak misfit
strain, the average critical misfit strain, €uicave may provide a more general parameter to
define a standard strain condition for strain relaxation in SPE layers, even though 0.11%
of Euitave 1S applied in the present annealing condition only. In other words, even if
thicker SPE SiGe layers than the present layers are synthesized by using higher Ge ion
energy and doses, the same standard strain condition can be applied for strain relaxation as
long as same annealing conditions are given. Since the average misfit strain obtained from
the 5 at% peak layer was about 0.14% as shown by the XRD results (fig. 28) of section
4.4 and since the real Ge distribution for the layer is not an exact Gaussian, the average
critical strain value, 0.11% obtained from the 6 at% Ge peak layer is somewhat tolerable.
It should be also noted that the measured value, 0.14% in 5 at% peak layer is not an
average misfit strain value but the maximum local misfit strain value. Therefore, we can
conclude that an average misfit strain for strain relaxation is about 0.11% under the

present SPE regrowth conditions.

5.5 Strain compensation by C sequential implantation

The lattice parameters of Si and Ge single crystals are 5.43A(ag;) and 5.66A(ag,),
respectively. Those of a SiC unit cell and a diamond unit cell are 4.36A (ag;.c) and 3.45
A(ac).™® Therefore, the formed SiGe layer on the Si substrate should have a compressive

strain condition which may nucleate misfit dislocations if the layer thickness is much
greater than the equilibrium critical thickness. However, the nucleation of misfit

dislocations can be minimized if the misfit strain is compensated by any means. Since C
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and C compounds have smaller volumes than the Si and Ge unit cells, the SiGe layer with
an optimum amount of C atoms may experience this compensation effect if the C atoms

79 A schematic diagram in fig. 39

are sitting in substitutional sites of the Si lattice.
illustrates the compensation effect. The atomic radii of C and Ge are 0.77A and 1.2244,
respectively, the atomic radius of Si is 1.176A.*®  While the atomic sizes of Si and Ge
are not much different from each other, there is a big difference in atomic size between C
and Si, suggesting that a very small amount of C atoms may be sufficient to compensate
the strain induced by a large amount of Ge atoms. No dislocations may be needed as long
as C atoms compensate the volume change due to the presence of Ge atoms in the Si
lattice. Another aspect of this strain compensation may be the distribution of C atoms
during SPE annealing. Fortunately, previous work has seen only very small changes of
Ge and C distribution at the present annealing temperature, 800°C. ***'** Raman
spectroscopy results in fig. 40 also support this strain compensation effect showing a
vibration peak of Si-C bond at a wave number of 608cm™. Laser probing was performed
on a SPE grown SiGeC specimen with 12 at% Ge peak and 0.55 at% C peak. The
vibration peak from Si-C bond has been reported previously,” but a typically-seen Ge-Ge
lattice phonon peak at about 300cm™ was not observed here. This work does show Si-Si
and Si-Ge peaks, however, indicating that the Ge-Ge bond or Ge segregation is too rare to
be clearly shown in the present spectra. According to other researches on Raman
spectroscopy of SiGe layers, Ge-Ge lattice phonon peak is observable in a SiGe layer with
more than 20 at% Ge.>>***> Raman spectra of the SPE SiGeC layer does not show any

SiC (silicon carbide) peaks, C-C peaks or interstitial C peaks (920 cm™). The strain
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compensation was confirmed by XRD results in fig. 41. While the SiGe layer with 5 at%
Ge peak clearly shows the separation of the (400) peak by 360 arcsec in fig. 28 of Chapter
4, the layer with 12 at% Ge peak and 0.9 at% C peak does not show any peak separation

of more than 100 arcsec in AB. If this XRD result is considered along with the
corresponding XTEM micrograph in fig. 32, the lack of peak separation may be explained
on the basis of both strain compensation and a small amount of strain relaxation observed

near the specimen surface.

5.6 Optimum Ge/C ratio for strain compensation

From the results shown in fig. 31 and fig. 32, we already know that the best
crystallinity is obtaiged from a SiGeC layer with 0.9 at% C peak in the present SiGeC
specimen series. However, it is also important to determine a theoretical Ge/C peak ratio
for optimum strain compensation. Although previous research has used a linear model of
lattice parameter variation in mixing Si, Ge and diamond unit cells to calculate the Ge/C
ratio for the strain-free state in MBE-grown SiGe layers with uniform Ge composition, a
similar model calculation is performed here to obtain an optimum Ge/C ratio by assuming
a random array of Si, Si-Ge and Si-C unit cells in a SiGeC alloy with uniform Ge and C

distributions. Lattice parameters of crystals are taken as follows.”®***

ag;=5.43A, ag,=5.66A, ag; «=4.36A and a5, .= 5.53A, ¥ (20)
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where ag; . means lattice parameter of SiGe with 50 at% Ge. Since the lattice parameter

of a Si unit cell, ag; must equal to that of SiGeC alloy for absolute strain compensation,

ag;= aSiGec-: 543A (21)

If the fractional concentration of those unit cells is considered,

agiGec= (1-X-y) ag; + (%) agi.Gge + (¥) asic (V) (22)

where 1-x-y, x and y are the fractional concentrations of each unit cell. The ratio, x/y is
worked out as follows: x/y= 10.7. The Ge/C concentration ratio will be approximately
the same number, 10.7. With a Ge concentration of 12 at% in the layers, 1.1 at% C may
most effectively compensate the misfit strain in the case of a layer with uniformly

distributed Ge and C.

However, the spatial distributions of the Ge and C are not uniform but Gaussian-like
in the present SPE grown layers. Moreover, because the C straggle is broader than the Ge
straggle by about 50A as estimated by TRIM simulation(see Appendix), it would be very
difficult to get the ratio of 10.7 throughout the entire depth. Gaussian profiles of Ge and
C are shown in fig. 42 and depth profiles of residual strain in layers with different Ge/C

peak ratios are simulated in fig. 43 using a strain compensation equation as follows:
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strain(%) = 8 Ge,,_, exp(-(Rpg,~x)"/2ARpg,”)

- 10.78 C .., exp(-(Rpox)/2ARp..”) (23)

where 8(=0.042) is the misfit strain induced by pure Ge in the Si substrate, Rp is 70nm as

the projected range for both Ge and C, the ARp is the straggle of ions, Cpe is the peak

ak

concentration of C in at%, che ak(=12 at%) is the peak concentration of Ge, and x is the

depth from the surface. Note the number 10.7 indicating the compensating effect of C in
the second term of the equation. With a C peak concentration of 1.1 at%, tensile stresses
are introduced by excess C atoms in the whole layer except for the peak region where the
compressive stresses induced by Ge atoms have been compensated(see plot 5 of fig. 43).
The layer with the ratio of 13.3(=12/0.9) in the plot 4 of fig. 43 shows both a compressive
strain area and tensile strain area. If both of the areas are the same, an optimum strain
compensation is obtained because the average strain is zero. Therefore, based on this
simple modeling and above experimental results, we conclude that an optimum window of
Ge/C peak ratio exists between 11 and 22, which corresponds to 1.1 at% and 0.55 at% in

C peak concentration respectively.
The critical average misfit strain(€.icave) discussed earlier in section 5.4 can be re-

applied to strain-compensated layers. The critical average strain and the peak strain in the

Gaussian strain profile were about 0.11% and 0.25%, respectively, as obtained from the
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SiGe layer with 6 at% Ge peak in a simulation. This standard is also effective for strain-
compensated SiGeC layers. The strain remaining after compensation should be less than
0.11% on average for generating no misfit dislocations in the layers if the standard is valid.
A SiGeC layer with 12 at% Ge and 0.55 at% C peaks (which corresponds to plot 3 of fig.
43) begins to show strain compensation with a reduced density of stacking faults as

experimentally shown by both XTEM and ion channeling. Plot 3 of fig. 43 probably
shows the critical condition for defect generation or strain compensation because the
average strain and peak strain obtained from plot 3 were 0.11% and 0.25% respectively.
In other words, a threshold C peak concentration to realize the strain compensation effect

is equal to 0.55 at% or slightly more than 0.55 at%.
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Fig. 34. PTEM micrograph of the SiGe layer with 5 at% Ge peak shows the EOR dislocation loops remaining after LNT-implantation
and SPE annealing. Stacking fault loop and perfect dislocation loop are indicated.
(Perfect dislocation loop =PD, Stacking fault loop = SF).



(100) wafer

SiGe

<110> dislocation line

Si

threading dislocation

Fig. 35. Dislocation motion in the interface of heteroepitaxial system. Line tension of
dislocation will be balanced with the shearing force acting on the misfit dislocation in
(111) slip plane. Threading dislocation(misfit dislocation) tends to start from surface.
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Fig. 36. Equilibrium critical thickness vs. Ge concentration in SiGe layer with uniform or Gaussian distributions of Ge.
Peak concentrations are used to plot the critical thicknesses for SPE SiGe layers. Experimental values were also measured from XTEM
micrographs and plotted. The critical thickness was infinite in the case of the 5 at% Ge peak layer.
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Fig. 37. High resolution XTEM micrograph showing the a/c interface of LNT-implanted SiGe layers.
The a/c interface is not microscopically flat in SPE growth and may have (111) planes
as well as (100) planes in a certain density.
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Fig.40 Raman spectra show bnly Si-Si, Si-Ge lattice phonon peaks and Si-C lattice
vibrational mode in a SiGeC layer with 12 at% Ge peak and 0.55 at% peak.
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Fig.41 X-ray diffraction results obtained from SPE grown SiGeC layer with 12 at%
Ge peak and 0.9 at% C peak. Rocking curve is plotted in intensity vs. arcsec(A8).
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6. Conclusions

In the present work, a systematic study of the processing procedures required for
minimizing structural defects generated duﬁng the ion beam synthesis (IBS) of SiGe alloy
layers has been performed. The defeéts are successfully minimized by controlling the
relevant processing parameters. To make about 200 nm thick SiGe alloy layefs, high.
doses of Gé ions with the beam energy of 120 keV are implanted in <100> orieﬁted Si

wafers. Various Ge peak concentrations have been obtainéd in the alloy layers from

following doses, 2x10'%m?, 3x10"%m?, and 5x10'®m™.  After implantation, SPE
annea]ing of amorphized layers has been employed in a nitrogen ambient at 800°C for 1

hour. During the annealing, Ge atoms very slightly redistribute. Two kinds of extended

defects have been observed in the layers synthesized with doses over 3x10'°cm™? at room
temperature: end-of-range (EOR) dislocation loops and strain-induced stacking faults. The

following conclusions are reached by the present study.

1. Liquid nitrogen temperature (LNT) implanta’tionv can considerably reduce thédcnsity of
end-of-range (EOR) defects while room temperature (RT) implantation always results in

the formation of a high density of those defects.

2. Decreasing the implantation dose to obtain 5 at% peak Ge concentration prevents strain
relaxation, while those SPE layers with more than 7 at% Ge peak show high densities of
misfit-induced stacking faults. Therefore, 6 at% Ge may be a threshold peak

concentration, and the associated critical average misfit strain (0.11%) is determined from
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Gaussian strain profiles (converted from Ge profiles) as a standard or generél coridition for

strain relaxation.

3. When C sequential implantation is employed following high dose (5x10'%cm?) Ge
implantation yielding a 12 at% Ge peak concentration in the layer, stacking faults are
effecti\'zely reduced in density. When the nominal peak concentration of implanted C is
over 0.55 at%, misfit dislocation generation in the epitaxial layer is considerably
suppressed. This effect is explained as a result of strain compensation by C atoms in the
SiGe alloy lattice. A SiGe alloy layer with 0.9 at% C peak concentration under a 12 at%
Ge peak shoWs the most improved crystallinity compared to layers with smaller C peak
concentrations.r The cxperimental results, combined with a simple model calculation,

indicate that the optimum Ge/C ratio for strain compensation is between 11 and 22.

4‘. Equilibrium critical thicknesses for SPE grown SiGe layers are calculated to be nearly
close to experimentally obtaine.d values. However, the formation mechanism of misﬁt—
induced stacking faults can not be understood by eq@hbﬁm theory, but requires
dislocation migration or nucleation kinetics. Stacking faults are dominant in the én'ain- _
relaxed SPE layers because 90 degree partial dislocations have a lower activation barrier
for nucleation than 60 degree perfect dislocations as long as (111) habit plapes i the a/c

interface are involved in the SPE growth process.
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5. The interface between the axndrphous and regroWn pﬁases (alc mte_rfaée) shows a
dramatic morphology change during its ﬁligration to the surface. The initial <100> planar
interface decomposes into a <111> fapeted interface, changing the growth kinetics. These
phenomena are associated with strain relaxation by stackihg fault formation on (111)

planes in the a/c interface.
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Appendix

Table 1. Projected range and straggle of Ge™ion in Si

Ion = Ge (Mass = 74)
Target = Si( 100 % )
Density = 2.3210E+00

g/em3

Stopping Units = MeV / (mg/cm2)

dE/dx

Ion dE/dx Projected Longitu.  Lateral
Energy Elec. Nuclear Range  Straggling Straggling
10.00 keV 2.619E-01 3.983E+00 125A 48A 51A
11.00keV 2.746E-01 4.076E+00 133 A . 50A 54 A
12.00 keV 2.869E-01 4.159E+00. 141 A 52A 5STA
13.00 keV 2.986E-01 4.234E+00 149 A 55A 59 A
14.00 keV 3.098E-01 4.302E+00 156 A 57T A 62 A
15.00 keV 3.207E-01 4.363E+00 164 A 60 A 64 A
16.00 keV 3.312E-01 4420E+00 171 A 62 A 67A
17.00keV 3414E-01 4471E+00 178 A 64 A 69 A
18.00 keV 3.513E-01 4.519E+00 185A 66 A T2A
20.00keV 3.703E-01 4.603E+00 199 A T0A 77 A
22.00keV 3.884E-01 4.676E+00 213 A 75 A 81A
24.00keV 4.057E-01 4.738E+00 227 A 79 A 86 A
26.00 keV 4.222B-01 4.792E+00 241 A 83A 90 A
28.00keV 4.382E-01 4.839E+00 254 A 87A 95 A
30.00keV 4.536E-01 4.881E+00 267 A 91 A 99 A
33.00keV 4.757E-01 4933E+00 287 A 9% A 105A
36.00keV 4.969E-01 4976E+00 307A 102A 112A
40.00 keV 5.237E-01 5.021E+00 333 A 109A 120A
4500keV 5.555E-01 5.063E+00 365A 119A 130A
50.00 keV 5.855E-01 S.091E+00 397 A 127A 139A
55.00 keV 6.141E-01 5.110E+00 428 A 136 A 149A
60.00 keV 6.414E-01 5.120E+00 460 A 145A 158A
65.00keV 6.676E-01 5.124E+00 491 A 154 A 168 A
70.00 keV 6.928E-01 5.123E+00 523 A 162A '177A
80.00 keV 7407E-01 5.109E+00 585A 179A 195A
90.00keV 7.856E-01 S.O84E+00 648 A 196A 213 A

100.00 keV 8.281E-01 5.050E+00 711A 212A 230A
110.00 keV 8.685E-01 5.012E+00 774 A 228 A 248 A
120.00 keV 9.071E-01 4.969E+00 837 A - 244 A 265 A
130.00 keV 9.442E-01 4.924E+00 900A 260 A 282 A
140.00 keV 9.798E-01 4.877E+00 964 A 276 A 299 A
150.00 keV 1.014E+00 4.829E+00 1028 A 292A 316A
160.00 keV 1.047E+00 4.781E+00 1092 A 308 A 333 A
170.00 keV 1.080E+00 4.732E+00 1157 A 323 A 349 A
180.00 keV 1.111E+00 4.684E+00 1221 A 339A 366 A
200.00 keV 1.171E+00 4.588E+00 1352 A 370A 399 A
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Table 2. Projected range and straggle of C*ion in Si

Ion= C(Mass=12)

Target=S1(93 % ) + Ge(7 %)
Density = 2.5322E+00 g/cm3
Stopping Units = MeV / (mg/cm?2)

Ion dBE/dx dE/dx Projected Longitu.  Lateral
Energy Elec. Nuclear Range  Straggling Straggling
10.00 keV 5.165E-01 4.067E-01 299A 170A 180 A
11.00 keV 5.353E-01 4.004E-01 326 A 182A 193A
12.00keV 5.530E-01 3.941E-01 354A 195A 207A
13.00keV 5.699E-01 3.879E-01 381 A 206A 220A
14.00 keV 5.860E-01 3.817BE-01 408 A 218A 233A
15.00keV 6.013E-01 3.757E-01 436 A 229A 246A
16.00keV 6.160E-01 3.699E-01 463 A 241A 258A
17.00keV 6.302BE-01 3.642E-01 491 A 251A 270A
18.00keV 6439E-01 3.587B-01 518A 262A 283 A
20.00keV 6.698E-01 3481E-01 573 A 283 A 307A
22.00keV 6.942E-01 3.382E-01 628A 303A 331A
24.00keV 7.172B-01 3288E-01 682A 322A 354A
26.00keV 7.391E-01 3.201E-01 737A 341A 377A
28.00keV 7.599E-01 3.118E-01 791 A 359A 399A
30.00 keV 7.798E-01 3.040E-01 846 A 377A 421A
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